Asthma is a multifactorial, chronic inflammatory disease of the airways. The knowledge that asthma is an inflammatory disorder has become a core fundamental in the definition of asthma. Asthma's chief features include a variable degree of air-flow obstruction and bronchial hyper-responsiveness, in addition to the underlying chronic airways inflammation. This underlying chronic airway inflammation substantially contributes to airway hyper-responsiveness, air-flow limitation, respiratory symptoms, and disease chronicity. However, this underlying chronic airway inflammation has implications for the diagnosis, management, and potential prevention of the disease. This review for the respiratory therapy community summarizes these developments as well as providing an update on asthma epidemiology, natural history, cause, and pathogenesis. This paper also provides an overview on appropriate diagnostic and monitoring strategies for asthma, pharmacology, and newer therapies for the future as well as relevant management of acute and ambulatory asthma, and a brief review of educational approaches.
Introduction
Asthma is a multifactorial, chronic inflammatory disease of the airways. The knowledge that asthma is an inflammatory disorder has become a core fundamental in the definition of asthma. Asthma's chief features include a variable degree of air-flow obstruction and bronchial hyper-responsiveness, in addition to the underlying chronic airways inflammation. This underlying chronic airway inflammation substantially contributes to airway hyper-responsiveness, air-flow limitation, respiratory symptoms, and disease chronicity. However, this underlying chronic airway inflammation has implications for the diagnosis, management, and potential prevention of the disease.
The diagnosis, management, and treatment of asthma have timelines that date back to antiquity. The Papyrus Ebers is an Egyptian medical papyrus dating to circa 1550 BC. Among the oldest and most important medical papyri of ancient Egypt, it contains hieroglyphic prescriptions that propose a remedy for asthma of "fumes from herbs heated on bricks to be inhaled by those suffering breathing maladies." Despite advances in research over the many centuries since these ancient writings, the management and treatment of asthma still contains many great mysteries and dozens of patient-specific nuances.
While incremental increases in morbidity and mortality in the 1980s characterized asthma in the United States, these trends peaked and more importantly plateaued in the 1990s, with asthma mortality rates steadily decreasing in the 21st century. Over the past 30 -40 years, asthma prevalence has increased in epidemic-like proportions within the United States and other industrialized countries; however, recent statistics may suggest a plateau has been reached in prevalence as well. Remarkable advancements have been attained in our primary comprehension of asthma pathogenesis, made possible through a multitude of invasive and noninvasive research and clinical tools, although the etiology and basis of airway inflammation today still remain somewhat obscure.
Over the past 20 years, the distribution and implementation of evidence-based guidelines for asthma have placed an increased scrutiny on the systematic use of anti-inflammatory therapy to improve asthma outcomes. With the increased knowledge of asthma's chronicity and the role of inflammation, a greater focus has been placed on early diagnosis and daily, maintenance strategies of children with asthma, in parallel with confirming adherence to prescribed therapies. Along with increased comprehension of acute and chronic asthma management have come advances in our pharmacologic armamentarium with the development and approval of novel medications.
This review of pediatric asthma for the respiratory therapy community attempts to summarize recent developments as well as those possibilities on the short-term horizon. An update on asthma's epidemiology, natural history, etiology, and pathogenesis is included. This paper will provide a brief overview on appropriate diagnostic and monitoring strategies for asthma, pharmacology and newer therapies for the future, relevant management of acute and ambulatory asthma, and a brief review of educational approaches.
Epidemiology of Asthma
One of the major keys in discussing epidemiology of any disease begins and ends with a critical need for reliable surveillance instruments that can accurately track incidence and prevalence and classify population-level and geographic distributions or escalations in morbidity in a prospective time frame. Lurie et al intimate the requirement that "data need to be collected and evaluated not only on a national scale but also for individual states and communities, because many of the factors that are related to asthma outcomes can be influenced by local action". 1 While no small task or endeavor, over the past several decades, several government agencies have been charged with surveillance for asthma, including the National Heart Lung Blood Institute's National Asthma Education and Prevention Program, the Department of Health and Human Services (Healthy People 2010), and the Centers for Disease Control and Prevention. While the Centers for Disease Control and Prevention has received funding to address the surveillance of asthma, 2 substantial additional funding is necessary to develop a comprehensive public health approach that can consistently achieve positive effects. Mannino and colleagues identified one of the many flaws in the current system: the substantial time lag in the data release makes it difficult for communities that have implemented important policies to know whether their policies are effective and whether changes in the healthcare environment are having a positive impact. 3 Currently there are no national mechanisms in place to measure the incidence (rate at which new cases of asthma occur in a population over a period of time) of asthma. That leaves us with data that report the prevalence (percentage of current population) of asthma and those potentially at risk of suffering symptoms and morbidity. The prevalence of asthma among children changes with increasing age. As an example, boys have higher current asthma prevalence, compared with girls throughout most of childhood. Table 1 provides generalized details of asthma prevalence rates and relevant data. [4] [5] [6] In addition to an increasing prevalence of pediatric asthma, the number of children seeking medical assistance or treatment for asthma has also increased, as measured by ambulatory visits, emergency department (ED) use, and hospitalizations for asthma. Ambulatory care visits have continued to increase since 2000. This rising trend poten-tially involves increasing disease severity and increased healthcare utilization to maintain asthma control due to enhanced patient and/or provider knowledge. Although asthma prevalence was higher for older children (11-17 years of age), healthcare utilization is lower for this age group. The youngest boys (0 -4 years of age) used ambulatory care and hospital services more frequently than did girls of the same age, but differences according to sex decreased to insignificant levels in the 11-17-year-old age group. 7 Increased ambulatory care use for asthma has continued during an era when overall rate of ambulatory care use for children did not increase. 7 The message of long-term asthma management through regular scheduled physician visits appears to have been successfully understood, as the majority of non-urgent visits occur in physician offices. In 2006, there were 47 visits to physicians' offices per 1,000 children (3.4 million visits) and 6 visits to hospital outpatient departments per 1,000 children (0.5 million visits). Almost 2% of all ambulatory care visits among children 0 -17 years of age were attributable to asthma. 8 While the prevalence and use of ambulatory care for pediatric asthma has continued to inch upward over the past several decades, the rates of ED visits, hospitalizations, and mortality for asthma have either held steady or, more importantly, declined. However, asthma remains a major illness in terms of functional morbidity and suffering, and is leading cause of hospitalizations in children Ͻ 15 years of age. Since 1992, when data first became available from the National Hospital Ambulatory Medical Care Survey, the rate of ED visits attributable to asthma among children decreased slightly, by 0.8% per year, and in 2006 there were 593,000 ED visits attributable to asthma, which represented 2.3% of all ED visits among children 0 -17 years of age. 8 While many factors contribute to admission rates among children with asthma, hospitalization symbolizes a severe exacerbation requiring a high level of monitoring and care, at substantial cost. From 1980 through the mid-1990s, the asthma hospitalization rate steadily increased in children under 17 years of age. Trend analysis identified an annual 2.9% increase from 1980 through 1991, but there has been no statistically significant trend after 1991. Overall nonasthma hospitalizations for children has decreased over that period, whereas the asthma hospitalization rate remained level. 9 In 2006 there were 21 asthma-related hospitalizations per 10,000 children, for a total of 155,000 hospitalizations; this represented approximately 5.6% of all hospitalizations among children in 2006. 8 There has been speculation that this decrease is related to better overall asthma management in the ambulatory environment, but it may be related to a multitude of other reasons, one of which is a higher tolerance of asthma exacerbation severity that requires admission and treatment in an acutecare setting. A recent study by Hartman et al may lend credibility to this theory. 10 They examined administrative data from New Jersey and concluded that, while fewer children were admitted with status asthmaticus, the proportion of patients managed in pediatric intensive care units (ICUs) was climbing, despite no substantial rate increases in mechanical ventilation or death.
Some believe that disease-related mortality trends are a true reflection of how well a disease is diagnosed, treated, and managed. While trends in ambulatory visits, ED visits, and hospital admissions have multifactorial causes, there is very conclusive evidence that headway has been made in decreasing the frequency of pediatric asthma exacerbation visits and admissions. The children most at risk of dying from asthma are those with severe, uncontrolled asthma, a history of near-fatal attacks, a history of recurrent hospitalization, and exacerbations requiring intubation for asthma. 11 Trend analysis found that, while asthmarelated mortality increased 3.2% per year from 1980 through 1996, a reversal thereafter led to an average decrease of 3.9% per year from 1996 through 2005. In 2005 there were 2.3 asthma-related deaths per million children, for a total of 167 deaths. 8 
Pathophysiology of Asthma
Airway inflammation is a major factor in the pathogenesis and pathophysiology of asthma. The importance of inflammation to central features of asthma continues to expand and underscore this characteristic as a primary target of treatment. As previously stated, airway inflammation encompasses an alliance of many cell types and dozens of mediators with the airways that ultimately produces characteristic pathophysiological features of asthma: airway inflammation and air-flow limitation that re- Efforts to increase understanding of the pathogenesis of asthma are a key factor leading to its control and cure. Definitively diagnosing asthma in infants and toddlers can be difficult, given the many different etiologies that cause wheezing in very young children. Asthma creates a substantial burden for the estimated 9.6 million children, their families, caretakers, schools, families' employers, and the healthcare system. The epidemiology of the increasing prevalence of asthma is still poorly understood.
Clinicians and researchers have long acknowledged that asthma is not a self-contained disease, but occurs and presents in many different forms. Many clinical reviews have emphasized asthma's multifactorial nature, with relationships between inflammatory cells (mast cells, eosinophils, neutrophils, lymphocytes, and macrophages), their mediators (leukotrienes, prostaglandins, interleukins, and platelet-activating factor), neural mechanisms, and basic malformations of the arachidonic acid pathway and smoothmuscle cells.
Because of the variety of etiologies, asthma is frequently characterized by its heterogeneity, which presents as a vast array of wheezing phenotypes in childhood. Wheezing has been suggested as the most important symptom in identifying asthma in disease population studies. 12 Asthma can be characterized as a multifaceted disease in which multiple genetic and environmental factors combine to produce a range of pathogenesis and severity. Causative genes discovered to date explain only a small fraction of heritable asthma. Because of this heterogeneity and a lack of definitive biological foundation for asthma from genetics or other causes, classification recently has migrated toward that of asthma phenotypes.
Improved phenotype definition may help in identifying the missing components of heritability. The term phenotype, as introduced by Johannsen and Shull, was intended to characterize different "types" of organisms distinguishable by their observable characteristics (eg, shape, structure, size, and color). 13 Today, substantial efforts are underway in the search for the variants underlying predisposition to asthma and associated phenotypes: preasthma wheezing, inflammatory markers, infections, atopy, aspirin sensitivity, exercise, severe asthma, flare-prone, lung function, elevated immunoglobulin E (IgE), highly variable time course (prognosis), and bronchial hyper-responsiveness.
Because of this increased focus on asthma phenotypes, asthma guidelines now recommend phenotype-specific treatment. Numerous recent studies have shown that phenotypes can differ in their association with asthma risk factors, 13 and, more importantly for clinical practice, phenotypes can differ in their response to long-term treatment modalities. The pressing necessity for developing a consistent and reproducible classification system would facilitate research into etiology and pathophysiology, allow targeted treatment and preventive measures, and improve the prediction of long-term outcomes.
Hereditary Versus Hygiene
Asthma has historically been recognized as a hereditary disorder. An area of asthma research that continues to be investigated is the association between family history and childhood asthma. Valerio et al recently found that children with asthmatic parents were twice as likely to have asthma, and that the influence of the both parental and grandparental relationship was 4 times more likely to manifest as asthma, regardless of sex, ethnicity, or birth order. 14 Given the higher than normal prevalence of asthma in certain populations, it appears that asthma family history in first-degree relatives may have a positive predictive value for capturing the probability of childhood asthma. 15 To highlight this hereditary importance of asthma, the asthma prevalence in different countries ranges from Ͻ 1% in Tibet to Ͼ 30% in New Zealand. 16 Recent investigation of asthma genomes discovered numerous genes that either are intricately involved with or linked to the presence of asthma or mechanisms of its characteristics. Various genome-wide studies have identified more than 100 genes on 22 different chromosomes associated with asthma. The complexity of genetic association in clinical asthma is demonstrated through relationships to specific phenotypic characteristics, but not automatically to the disease process or clinical symptoms. Atopic diseases, while heritable, are drastically increased by repeated exposure to various environmental factors that can regulate asthma development or diminution through epigenetic encoding. This is exemplified in numerous studies that evidence that genetic backgrounds in different environments produce susceptibility to different allergic disorders. The initial candidate gene approach was largely disappointing, with marginal effects and poor replication between studies. 17 The genetic effects uncovered are generally small (odds ratio Ͻ 1.5), and since the completion of the first genome-wide analyses, it is unlikely that variants with larger effects will be found with this one-dimensional approach. 18 Increasing evidence continues to underscore the importance of immune factors in the development of asthma and its resulting inflammation processes. The hygiene hypothesis is an evolving theory devised to explain the increasing prevalence of allergies and asthma in many technologically developed countries, compared to less technologically developed countries. The hygiene hypothesis is that an abnormally clean environment, which lacks early-childhood exposure to asthma triggers and sensitization and infection, causes a "naïve" immune system and thereby dramatically increases the incidence of allergy and asthma.
Increasing scientific evidence has supported the theory that an imbalance between T-helper-1 (Th1) and Th2 cytokines explains and predicts the development of asthma. The foundation of this hypothesis is that the newborn's immune system is skewed toward Th2 cytokine production. Following birth, various environmental stimuli, such as microbial exposure and infections, activate Th1 reactions and cause the Th1/Th2 relationship to become imbalanced. However, research efforts to demonstrate an infection/asthma relationship have not been successful, and have led to disappointment for those promoting the hypothesis. In fact, David Strachan (the father of the hygiene hypothesis) stated that, "the totality of current evidence from the cross-sectional and longitudinal studies of common specific and non-specific infectious illness in infancy and childhood offers no support for the hygiene hypothesis." 19 However, though science has not found strong support for either hereditary or hygiene factors, these theories have not been invalidated either. The pathogenesis of asthma is probably related both to genetic predisposition and to over-exposure or under-exposure to viruses or other environmental factors.
Environmental Conditions
While the hygiene hypothesis has not produced direct correlation to asthma, living in certain environments or neighborhoods is definitely associated with higher risk of developing asthma and with worse outcomes. Tobacco smoke, air pollution, and other environmental variables, and respiratory infections and diet are associated with higher asthma risk, although the association has not been as clearly established for allergens and respiratory infections. 20, 21 Tobacco smoke contains many known toxic chemicals and irritants. Tobacco exposure is probably the strongest known environmental modifier of the natural history of asthma. Children exposed to tobacco smoke have more asthma exacerbations and other problems, including lower-respiratory infections and middle-ear infections. A mother's smoking status was associated with a 7% deficit in lung function among newborns in a comprehensive risk analysis in the Copenhagen Studies on Asthma in Childhood (COPSAC) cohort. 22 In utero exposure to environmental tobacco smoke increases the likelihood of wheezing in the infant, and particularly the likelihood of disease in the first years of life, although the subsequent development of asthma has not been well defined. 23, 24 Preschool children are more likely to be exposed to environmental tobacco smoke in their homes than in public places. 25, 26 However, simply "smoking outside" or "not in the presence of the child" is not enough to limit harm to children from tobacco smoke. Smoke settles on clothes, hair, car upholstery, and furniture. A recent clinical trial on limiting children's exposure to secondhand smoke found no statistically or clinically important effect in decreasing secondhand exposure, as measured via cotinine-to-creatinine ratio or asthma-related healthcare utilization, which is not so unusual in the history of effective tobacco-control interventions. 25 A recent retrospective study by Mackay et al suggests that interventions to reduce secondhand smoke exposure improve outcomes in patients with asthma. 27 They analyzed pediatric asthma hospital admissions data in Scotland from 2002 to 2009 and found that after implementation of smoke-free legislation the asthma admissions rate decreased 18.2% per year (95% CI 14.7-21.8%, P Ͻ .001), relative to the March 2006 rate. The reduction was apparent in both preschool and school children.
The role of air pollution in the development of asthma remains controversial, and may be related to allergic sensitization. 28 Air pollution includes a wide range of toxic substances, including industrial and vehicle emissions, particulates from wood and gas stoves, volatile organic compounds, and other indoor and outdoor airborne substances. The relationship between air pollution levels, asthma exacerbations, and ED visits is well documented. One epidemiologic study found that frequent and substantial exercise (Ն 3 team sports) outdoors in communities with high ozone concentrations was associated with a higher risk of asthma among school-age children ( Table 2) . 29 The role of environmental asthma triggers is well recognized and is included in the National Asthma Education and Prevention Program guidelines. 30 Children spend a substantial percentage of their lives indoors. United States residents as a whole spend up to 60% of their time inside their homes, and a substantial portion of the remaining time in other indoor environments, such as school or workplace. 31 Long-term exposure to normal and typical indoor allergens can lead to allergic sensitization and stimulate allergic symptoms in children. A causal relationship between allergen exposure early in life and risk of subsequent sensitization has yet to be well established and remains a matter of debate. 32 After allergen skin testing has been performed, environmental assessment is essential for the identification and quantification of indoor allergens. A study by Sheehan et al showed an increase in the rate of sensitization to indoor and outdoor aeroallergens throughout childhood, and found different aeroallergens to be prominent at different ages. 33 The study also provided insight into that cohort of children, that 57.2% who underwent skin-prick testing were sensitized to at least one of the studied aeroallergens. In addition, 51.3% of patients were sensitized to at least one indoor aeroallergen, and 38.8% were sensitized to at least one outdoor aeroallergen.
Studies, such as the inner-city asthma study of individualized, home-based environmental interventions for hundreds of children in major United States cities, have demonstrated that environmental interventions decrease exposure to allergens and reduce asthma-associated morbidity. 34 Interventions to decrease allergen exposure below sensitization and symptom thresholds are possible with various remediation techniques. While home-based interventions or educational endeavors have proven successful, healthcare education programs and pediatric practices do not typically include environmental aspects of pediatric asthma management. A study by Kilpatrick et al reported that over half of practicing pediatricians surveyed had seen a patient with health issues related to environmental exposures, but Ͻ 25% were trained in taking an environmental history. 35 Throughout infancy, a variety of respiratory-related viruses have been linked with the establishment or development of asthma. In early life, the 2 main viral etiologies associated with asthma development are respiratory syncytial virus and parainfluenza virus. Long-term prospective studies of children admitted to hospital with documented respiratory syncytial virus show that approximately 40% of these infants will continue to wheeze or have asthma in later childhood. 36 A more recent virus of interest in wheezing and asthma development is symptomatic rhinovirus in early life. The influence of viral respiratory infections on the development of asthma may depend on an interaction with atopy. The atopic state can influence the lower-airway response to viral infections, and viral infections may then influence the development of allergic sensitization.
The prevalence of childhood obesity, defined as body mass index Ͼ 95th percentile, based on historical reference populations, is approximately 17% in the United States. 37 The increasing rate of obesity has paralleled the increasing asthma prevalence, but the relationship with asthma is uncertain. 38 Obesity and asthma are now among the most common chronic diseases of childhood. 38, 39 Obesity's propensity to develop certain inflammatory mediators may be a risk factor for asthma that leads to an enhanced or increased airway dysfunction.
A recent prospective trial by Ginde et al 40 assessed the prevalence of obesity among children presenting to the ED with acute asthma, and examined the relationship between body mass index and acute and chronic asthma severity in the ED setting. The prevalence of obesity in the study group was 23% (95% CI 20 -26%), which was significantly greater (P Ͻ .001) than the reported rate (9 -15%) in children in the general population around the time of data collection. The prevalence of overweight (body mass index Ͼ 85th percentile) in the study group was 39%, which was significantly greater (P Ͻ .001) for patients with asthma than in the general population, where the prevalence was approximately 25%. The prevalence of obesity in the study group was similar to that among children with physician-diagnosed asthma in the general population (23% vs 21-30%), but significantly higher than that among all children in the general population (23% vs 9 -15%). Ginde et al concluded that asthma exacerbations among obese children are very similar to those among other children.
Sociocultural Factors
Children with asthma who live in high-poverty and lowopportunity communities have disproportionately high adverse asthma outcomes. There are racial disparities in asthma in ED visits, hospitalizations, and death, which are substantially higher than prevalence disparities alone. The disparity in asthma mortality between black and white children recently increased. Black children in families with incomes Ͻ 50% of the poverty level (approximately $10,000 for a family of 4) have twice the risk of asthma as white children in the same financial situation.
A retrospective study by Piper et al examined the correlates of access to care among children (Ͻ 17 years old) with asthma, 41 and the relationship of childhood asthma healthcare utilization and racial and income differences in the United States. The findings indicated disparities among black children with asthma and their ability to access appropriate healthcare services. Piper et al believed the study's results are nationally representative and consistent with previous studies that suggested that being uninsured impacts an individual's ability to access the healthcare system. They concluded that in the United States uninsured children with asthma, especially black children, have marked disparities in their ability to access appropriate healthcare services.
But we should not hastily conclude that it is only the uninsured, socioeconomically disadvantaged who suffer disparities in childhood asthma. In a study funded by the Health Resources and Services Administration, Kogan et al determined that, in 2007, 11 million children were without health insurance for all or part of the year, and 22.7% of children with continuous insurance coverage (14.1 million children) were underinsured. 42 Those most likely to be underinsured were older children, Hispanic children, children in fair or poor health, and children with special healthcare needs. In fact, compared to children who were continuously and adequately insured, uninsured and underinsured children were more likely to have problems with healthcare access and quality.
But neither should we conclude that childhood asthma disparities are prevalent only in children with no or insufficient insurance. A retrospective cohort analysis by Stewart et al, 43 in the military health system, assessed racial and ethnic differences in asthma prevalence, treatment patterns, and outcomes among a diverse population of children with equal access to healthcare. The theory behind the study was that the military health system provides comprehensive health insurance to a racially and ethnically diverse population, so studying disparities in healthcare treatment and outcomes in that population could substantially improve our understanding of possible effects of universal coverage on reducing disparities in healthcare. Black and Hispanic children in all age groups were significantly more likely to have an asthma diagnosis than white children. Black children in all age groups and Hispanic children ages 5-10 years were significantly more likely to have potentially avoidable asthma hospitalizations and asthma-related ED visits, and were significantly less likely to visit a specialist than were white children. Black children in all age categories were significantly more likely to have filled prescriptions for inhaled corticosteroids (ICS) than were white children. Stewart and colleagues concluded that, despite the entire study cohort having the same health insurance coverage, there were racial and ethnic differences in asthma prevalence, treatment, and outcomes.
In summary, there are disparities in access to care, prevalence, treatment, and outcomes among children with asthma. Racial inequalities, inadequate insurance, and an impoverished economic standing all negatively impact morbidity and mortality in children with asthma. More scientific investigation and targeted interventions must assess our ability to equilibrate these factors and produce appropriate and acceptable outcomes for children with asthma in the United States.
Diagnosis, Assessment, and Monitoring
The majority of children with asthma experience their first asthma symptoms before 6 years of age. Furthermore, data also suggest that events occurring during fetal or early life, such as the development of immune responses, cytokine dysregulation, and responses to microbes, are important risk factors for asthma. Changes in airway function also appear to develop early in life and early in the course of asthma. These facts make early and accurate diagnosis a key component of effective asthma treatment and management.
Approximately three fourths of patients diagnosed with asthma are diagnosed prior to starting elementary school. Spirometry is the accepted standard for asthma diagnosis and monitoring. Spirometry is the most widely performed pulmonary diagnostic test in school children, adolescents, and adults for respiratory disorders. However, a recent study by Dombkowski et al 44 found that the use of spirometry in primary-care settings in children with asthma does not conform to the national guidelines. And implementing those guidelines will probably require a major educational initiative to address deficiencies in spirometry interpretation and other barriers, which may drive diagnostic testing to tertiary-care facilities with the appropriate equipment and staff to diagnose asthma in pediatric patients.
The possibility of obtaining reproducible flow/volume curves in young children was recently reported, and, despite relatively few data in this age group, our knowledge is sufficient to give advice on how to perform spirometry in young children. 45 Despite recent successes in the research environment, spirometry's practicability outside the research arena and highly trained specialized laboratories makes its value uncertain in the real world of daily asthma management. While pre-school PFTs are undoubtedly excellent research tools, more research is needed to monitor progress and measure the effect of interventions in the individual patient. 46 This has led clinicians to look for more user-friendly means of diagnosing and monitoring asthma in children Ͻ 7 years of age.
Exhaled Nitric Oxide
In recent years, the exhaled nitric oxide (NO) concentration has raised the expectations of clinicians as a useful monitoring tool in asthma management. The exhaled NO concentration is elevated in asthma, especially when eosinophilic inflammation is present, and elevated exhaled NO predicts response to steroid treatment. 47 Currently asthma guidelines do not recommend monitoring inflammation directly: only monitoring indirect indicators of inflammation such as symptoms and lung function. Measurement of exhaled NO is a patient-friendly and noninvasive way of assessing airway inflammation. Adding exhaled NO measurement to asthma diagnosis would provide clinicians with diagnostic tools to assess all 3 main asthma characteristics: symptoms, air-flow obstruction, and inflammation. Exhaled NO can be easily, quickly, and repeatedly measured in children.
In a large European cohort study conducted to see if objective measures could be utilized to predict whether preschool children with symptoms suggestive of asthma would develop asthma in later childhood, Caudri et al concluded that both exhaled NO and specific IgE measured at age 4 (but not interrupter resistance), improved the prediction of asthma symptoms until the age of 8 years, independent of clinical history. 48 Elevated exhaled NO indicates uncontrolled airway inflammation and calls for the initiation or increase of steroid treatment. The finding that exhaled NO decreased with the implementation of corticosteroids led to further investigations into exhaled NO's clinical utility. Proof-ofconcept studies on exhaled NO measurement showed positive and neutral impact for routine monitoring of asthma treatment in children. However, before recommending widespread use of exhaled NO outside the practice of asthma specialists, studies are needed to determine the inflammation cut-off level and assess to what extent individual monitoring rather than generic cut-off level improves asthma outcomes. 49 A Cochrane analysis 50 concluded that tailoring the ICS dose based on exhaled NO (versus based on clinical symptoms) was carried out in different ways in the 6 studies, that there was only modest benefit at best, and that children monitored with exhaled NO measurements received higher doses of ICS. Tailoring the ICS dose based on exhaled NO monitoring cannot be recommended for routing clinical practice at this stage, and remains uncertain. The current approach is that a decrease in exhaled NO to a desired range may not be the correct clinical strategy; perhaps it would prove more useful to compare the results to the patient's previous values, as with pulmonary function tests.
New Innovations
Recent research and development has led to an innovative diagnostic approach to assist with wheeze identification, characterization, and quantification. Lung-sound analysis is objective, noninvasive, and correlates with clinical status in asthma and bronchiolitis. 51 The Pulmotrack and Wheezeometer (both by KarmelSonix, Rancho Cucamonga, California) enable continuous monitoring of wheezes, without patient cooperation, which makes them potentially ideal tools for young children with asthma. In addition to quantifying and recording, these devices provide: wheeze by wheeze identification, accurate measurement of wheeze rate (the proportion of wheezing within the respiratory cycle), respiratory rate, inspiratory-to-expiratory ratio, and classification of wheezes as inspiratory or expiratory. The Pulmotrack device has been successfully used in bronchoprovocation testing in infants and other non-cooperative subjects, 52 and in bronchodilator response-to-treatment testing. 53 In the past few years there has been growing interest in the lung-clearance index, which measures lung physiology based on multiple breath-washout tests. 54 The lung-clearance index is expressed as the number of lung volume turnovers required in normal breathing to clear the lungs of a blood-insoluble tracer gas down to one 40th of its starting concentration. The lung-clearance index is ideal for use in children, because it requires only tidal breathing and has good repeatability. The rationale for the lungclearance index is the importance of early identification of airways dysfunction, prevention of irreversible structural airway changes, and the need for a method of monitoring airway disease in these "silent years." In pediatric patients the lung-clearance index can detect early airways disease with better sensitivity and ease of use than can conventional lung-function tests. 55 As these devices and measurements are relatively new and have not been validated in large clinical trials, their overall impact on asthma diagnosis, monitoring, treatment, and management remains to be seen.
Asthma Severity
The mechanisms that underlie asthma severity are poorly defined. Many factors probably play a role in determining severity, but the primary 2 are probably immune (innate, adaptive, or immune tolerance) and inflammatory responses. The differences are in their remodeling responses or in ways that alter sensitivity of their airway target tissues. The translation of these immunopathology responses to asthma persistence and severity, and, most importantly, structural and functional changes has not been clearly established.
The initial treatment guidelines published in the 1990s were centered on disease severity grading: intermittent and mild, moderate, and severe persistent asthma. Early in the 21st century, the focus shifted toward guideline-defined asthma control and the fact that achievement of good control is associated with improved health status. 56, 57 Peder- sen clearly delineated asthma severity versus asthma control (Table 3) . 58 Asthma severity scoring and asthma management based on disease-control concepts are covered in great detail elsewhere. 59 I hypothesize that, after several decades of focus on guideline-based asthma diagnosis, assessment, and treatment, the message may be finally producing the desired outcomes. A recent Swedish study by Andersson et al provided the first evidence of a possible decline in asthma severity. 60 The proportion of children with physician-diagnosed asthma using ICS increased from 54.8% in 1996 to 67.0% in 2006 (P ϭ .01), while the corresponding proportion of users of short-acting ␤ agonists (SABAs) decreased from 85.3% to 77.0% (P ϭ .036). The asthmaseverity score indicated a decrease in the proportion of children with more severe symptoms (P ϭ .006) (Fig. 1) . The increase in the proportion of children with asthma using ICS and the introduction of long-acting ␤ 2 agonists (LABAs) parallels a major decrease of severe symptoms and probably explains this decrease.
Pharmacology
When it comes to asthma pharmacology, one might quickly conclude that "the more things change, the more they stay the same." In 2006, Peter Barnes wrote about asthma pharmacology that:
It is of interest that many of our effective therapies for asthma were originally derived from natural substances. Many were isolated from plants through the discovery of herbal remedies, including atropine, dietary xanthines such as theophylline and chromones from a Mediterranean medicinal herb. The most effective treatments for asthma are derived from hormones, b-adrenoceptor agonists from adrenaline and corticosteroids from cortisone, both secreted by the adrenal gland. Indeed, the most effective therapies available for asthma so far are combination inhalers containing a LABA and a corticosteroid. 61 In 2010, anti-histamines, cromones, and xanthines have virtually disappeared from the routine asthma armamentarium and utilization recommendations in evidenced-based guidelines. In fact, one might conclude that we are left with chemically refined derivatives of adrenaline and cortisone for acute symptomatic and asthma exacerbation management. While these 2 classes of medications have been the mainstays for almost 40 years, they certainly are improved in terms of safety and therapeutic index; however, they are still associated with well recognized adverse effects, and far from being the magic bullet cure we have been waiting for with each exciting discovery in asthma pathogenesis, diagnosis, or pharmacology.
Quick-Relief Medications
Short-Acting ␤ 2 Agonists. SABAs are the most effective asthma therapy for rapid relief of symptoms and quick reversal of air-flow obstruction. The clinical utility of SABAs is due to their fast onset (Յ 5 min), peak action within 30 -60 min, and duration of 4 -6 hours. Frequent (Ն 4 times daily) and long-term use of SABAs does not affect potency but is associated with reduced duration of action. 62, 63 Based on these characteristics, the National Asthma Education and Prevention Program Expert Panel Report 3 recommends using SABAs only when necessary for symptom relief or before anticipated exposure to known asthma triggers (eg, animals, exercise). 64 Puffs can be taken in 10 -15-second intervals; longer intervals offer no additional benefits. 65 Anticholinergics. Anticholinergic bronchodilators such as ipratropium are not recommended as monotherapy for quick relief of asthma symptoms. 64 They have a longer onset of action (20 -30 min) and cause less bronchodilation than inhaled ␤ 2 agonists. 66 Steroids. ICS, because of their delayed onset of action, are insufficient in the treatment of moderate to severe exacerbation. 64 Instead, oral systemic steroid treatment is the global recommendation: 1-2 mg/kg/d for 3-10 days in children. Tapering of short-term oral steroid dosing is not necessary in asthma. 67 
Controller Medications
Controller medications are the basis of care for children with persistent asthma and must be taken daily to maintain Inhaled Corticosteroids. ICS remain the cornerstone of asthma management once a child is determined to have any level of persistent asthma. The ideal ICS for pediatric asthma should have high pulmonary deposition, low systemic bioavailability, and rapid systemic clearance, to maximize effectiveness while minimizing adverse effects. There are minimal clinically meaningful differences among the various types of ICS. 68 The bronchoprotective effects of ICS delivered via dry-powder inhaler or hydrofluoroalkane-propelled metered-dose inhaler (MDI) are equivalent. 69, 70 In the United States, beclomethasone, fluticasone, and budesonide have been used for many years as the predominant ICS in long-term management of pediatric asthma. With the recent introduction of mometasone and ciclesonide, additional options for dosing and delivery have become available. Mometasone (for patients Ն 12 years old) and ciclesonide (for patients Ն 4 years old) are both FDA approved for once-daily use-a potential benefit toward better adherence.
The most arbitrary component of step-wise management of chronic asthma is increase and decrease of ICS being based on symptoms and age of the child. A recent Cochrane review concluded that commencing with a moderate ICS dose is as effective as commencing with a high ICS dose and then reducing the dose while monitoring symptoms. There was no benefit in doubling or quadrupling the starting ICS dose. Therefore, patients should start treatment with a low to moderate ICS dose. 71 A recent meta-analysis by Zhang et al assessed the doseresponse relationship (benefits and harms) of ICS in children with persistent asthma 72 and found that, compared to a low ICS dose, a moderate ICS dose does not provide clinically relevant therapeutic advantage in children with mild to moderate persistent asthma. Additional randomized controlled trials are needed to clarify the dose-response relationship of ICS in persistent childhood asthma.
Long-Acting ␤ 2 Agonists. LABAs are a unique class of bronchodilators with duration of action of Ͼ 12 hours. Since these drugs are ␤ 2 -adrenergic-receptor-specific, the occurrence of tremor, palpitations, and tachycardia are typically low, compared to the SABAs. While regular use has not been found to cause substantial tachyphylaxis in duration of action, it does somewhat diminish the bronchoprotective effect. 73, 74 Concerns about the safety of LABAs arose after reports of more severe exacerbations and deaths, in both adults and pediatrics, when LABA was added to usual asthma therapy. 75 This prompted the FDA to review these medications and add a new warning label that strongly suggests that LABAs should never be used as monotherapy for long-term control of persistent asthma. 64 Combination formulas of ICS plus LABA have been extensively studied in patients Ն 12 years old, but not in children Ͻ 4 years old. Numerous studies have found excellent control of moderate persistent asthma with combination therapy in patients Ն 12 years. 64 These clinical data indicate that the combination of ICS plus LABA leads to clinically meaningful improvements in lung function and symptoms, and reduces the need for quick-relief SABAs.
Step-down strategies in combination therapy (LABA plus ICS) may mean changing to a new device for a lower dose of inhaled steroid, which can require 2 separate devices and 2 co-pays. 68 However, a recent study by Eid et al found that once-daily budesonide/formoterol had significantly better efficacy than once-daily budesonide alone for most pulmonary function variables. Also, twice-daily LABA plus ICS maintenance therapy was generally more effective than stepping down to once-daily dosing. 76 Leukotriene Receptor Antagonists. Leukotriene receptor antagonists are a substitute, less preferred, treatment for children with mild persistent asthma. Leukotriene-receptor antagonists can also be used as adjunct with ICS, but are not preferred for patients Ն 12 years old, in lieu of ICS being combined with LABAs. Leukotriene receptor antagonists have the advantages of ease of use and high patient adherence to therapy, 77 and they can provide good control of asthma symptoms in many patients.
As an add-on therapy to ICS in children, montelukast provides asthma control equal to that of doubling the baseline dose of ICS; however, there is a higher exacerbation risk with montelukast. 78 A systematic review determined that the addition of montelukast as an add-on to ICS (versus ICS alone) increased asthma-free days and decreased nocturnal awakenings and exacerbation events. 79 Therefore, montelukast remains a reasonable add-on to ICS or ICS/LABA combination therapy in patients who are not well controlled on ICS alone. In a recent study, Virchow et al found that in patients insufficiently controlled with either ICS or combination therapy, the daily add-on of leukotriene-receptor antagonist improved both asthma control and asthma-related quality of life. 80 
Adjunctive Therapies
Methylxanthines: Methylxanthines have been long associated with the management and treatment of asthma, and, in this class of drugs, theophylline is the main medication in the United States today. Theophylline is a mild to moderate bronchodilator and may have mild anti-inflammatory effects. Theophylline is likewise cited in the guidelines as adjunct to ICS. However, the availability of alternative drugs and the dose-related acute toxicity that mandates monitoring serum concentration has limited theophylline's use in pediatric practice.
Humanized Monoclonal Antibodies. Immunomodulators are the newest class of asthma medications to be approved and used in patients. Omalizumab is a humanized monoclonal antibody that binds with free IgE and is indicated for atopic patients with asthma not controlled despite adherence to controller therapy. Its unique advantages and potential steroid-sparing effect have been invoked, but there are concerns regarding its cost and insufficient pediatric experience. Omalizumab is used as additive therapy for patients Ն 12 years old with severe persistent asthma and a hypersensitivity to inhaled allergens. The potential for anaphylaxis with this medication led to an FDA warning label and further clinical investigations. Because of the additional monitoring required for its use, omalizumab should be reserved to asthma subspecialists.
Asthma Pharmacology Future
A major problem facing new drug development is that existing asthma therapies, particularly combination inhalers, are highly effective, relatively inexpensive, and safe, and there is a strong scientific rationale for this approach to asthma therapy. 81 Over the past 2 decades new therapies that made it from bench to bedside have been limited to leukotriene modifiers and anti-IgE humanized antibodies, whose use is limited to second-line or third-line therapy by all guidelines. They are clearly less effective, and their safety records have been questioned recently. This is hardly a revolution, but at least those made it to the market, in contrast to many other shining stars that rapidly turned into meteors, such as the anti-IL5 monoclonal and other biological derivatives that failed to make it to market.
The need for enhanced efficacy and efficiency continues for pediatric asthma. Consistent evidence indicates that ICS improves symptom control and reduces asthmarelated hospital admissions, but recent studies found that ICS does not alter the natural course of asthma or cause long-lasting improvement of lung function in early life. 82 There is a clinical need for more effective therapies for severe asthma not well controlled by current therapies. Although patients with severe asthma constitute Ͻ 5% of the asthma population, they account for Ͼ 50% of healthcare spending on asthma. New asthma treatments under investigation include inhibitors of the pro-inflammatory enzymes (PDE4), p38 mitogen-activated kinase, and nuclear-factor-kB activating kinase (IKK2). 83 More specific approaches include inhibiting chemokine receptors on eosinophils and T lymphocytes, inhibiting adhesion molecules that recruit key inflammatory cells, and inhibiting mast cells with spleen tyrosine kinase inhibitors. Antibodies that block IgE have been introduced and have clinical efficacy in patients with severe allergic asthma. 84 There is now interest in vaccination approaches that, in patients with asthma, divert the immune system back to normal, but the dangers of that approach have not been determined. Table 4 lists categories of drugs being researched. 84 
Drug Delivery Techniques
Delivery errors frequently transpire with various aerosol devices, as each device requires precise instructions and specific patient efforts to obtain correct and maximal drug delivery. As management of chronic airway disease is 10% medication and 90% education, the proliferation of inhaler types may be disadvantageous for the quality of care. 85 Appropriate device selection, education, and patient technique are often overlooked when prescribing medications for the management of pediatric asthma.
It is imperative that all clinicians become familiar with the nuances of each and every delivery device so that they can make their patients more knowledgeable. In a systematic review, the mean percentages of patients who used their inhalers without mistakes were 63% with MDI, 75% with breath-actuated MDI, and 65% with dry-powder inhaler. 86 But this knowledge and education is not just for the patients: it also must be passed along to caregivers in a pediatric setting.
In a recent trial, Welch and colleagues assessed the abilities of caregivers of young children with asthma. Despite standardized initial education on proper use of the prescribed devices, the caregivers made device errors, some of which were of the types that could result in poor lung delivery, thereby giving less-than-optimal clinical results. 87 Addition of a spacer or valved holding chamber (VHC) can decrease pharyngeal drug deposition and improve lung delivery, but makes the system less portable than MDI alone. While accessory devices have been developed to minimize patient/device interface problems, the accessory devices can produce additional problems. 88 Many patients mistakenly believe that pausing before inhaling from a spacer or VHC after the MDI is actuated has no effect on the delivered dose. That incorrect technique can significantly reduce drug availability. 89 Rau also found that dose availability can be significantly reduced with multiple actuations into the spacer or VHC simultaneously.
In a recent trial, Schultz et al studied the number of breaths required to inhale albuterol from several different spacers and VHCs. In young children, the tidal breaths through the spacer or VHC were much larger than expected. Two tidal breaths were adequate with the small-volume VHCs and with a 500-mL modified soft drink-bottle, and 3 tidal breaths were adequate with the larger VHC. 90 The choice of inhaler devices is determined first by choice of drug, device availability, and reimbursement restrictions. However, proper aerosol delivery technique is crucial to ensure that the patient receives the prescribed dosage and obtains the medication's benefits. An inappropriate choice of delivery system and/or inadequate patient education can thwart an appropriate choice of medication. As an example, the child's age should guide the selection of the ICS delivery device: either a dry-powder inhaler or an MDI without a spacer or VHC. We should bear in mind that children differ in their developmental and cognitive abilities to cooperate and follow instructions, so device selection should be tailored for each patient.
Acute and Ambulatory Care Management Emergency Department Treatment
When a child presents to the ED with an asthma exacerbation, a systematic process that allows patient evaluation and triaging with quick assessment of exacerbation severity and the need for urgent intervention is a key mechanism of care. A brief history and limited physical examination should be performed without delaying treatment; frequently the history and physical is performed while the child receives initial treatment.
Asthma management guidelines suggest administration of supplemental oxygen to target an S pO 2 of 92%, inhaled SABAs, and systemic corticosteroids if no response is achieved with ␤ agonist. The exact dose and timing of interventions and the use of additional pharmacologic or adjunctive therapies depend on the severity of the exacerbation and the response to initial therapy. The guidelines recommend that inhaled SABAs should be administered immediately on presentation, and repeated up to 3 times within the first hour after presentation. 64 The preferred dosing and delivery method may differ slightly with each situation, but it is widely accepted that in a severe exacerbation a unit dose (2.5 mg) of albuterol via small-volume nebulizer is preferred. SABA delivery has also been demonstrated to be effective when administered as 6 -8 MDI puffs every 20 min for up to 4 hours, and then every 1-4 hours as needed, although the results depend greatly on the use of a VHC to ensure maximum deposition in the smaller airways.
The decision of whether to use an MDI or a smallvolume nebulizer depends on the experience of the ED personnel and the patient's asthma severity. In a child who portrays marked distress it is much more effective to use a small-volume nebulizer, because the child may be unable to perform good MDI technique, which is imperative for successful MDI delivery. In a severe exacerbation, albuterol can be delivered via nebulizer, either intermittently or continuously.
A meta-analysis of results from 6 randomized trials indicated that intermittent administration and continuous administration have similar effects on both lung function and the overall rate of hospitalization, whereas a Cochrane review of findings from 8 trials suggested that continuous administration resulted in greater improvement in PEF and FEV 1 and a greater reduction in hospital admissions, particularly among patients with severe asthma. 91 Anticholinergics have a 3-fold slower onset of action than SABAs, and are not recommended as monotherapy in the ED. Ipratropium bromide (dosage 0.5 mg) may be combined with albuterol and is effective when used in acute air-flow obstruction or severe exacerbation. 92 Routine use beyond severe air-flow obstruction or during severe exacerbation is not beneficial in the hospital setting. 64, 93 Subcutaneous epinephrine or terbutaline are options in the acute situation, to provide bronchodilation, but subcutaneous epinephrine has the potential adverse effect of increased heart rate.
The most common systemic corticosteroid during exacerbation treatment in the ED is prednisone. Because comparisons of oral prednisone and intravenous corticosteroids have not shown clinical differences in the rate of lung-function improvement or hospital stay, the oral route is preferred for patients with normal mental status and without conditions expected to interfere with gastrointestinal absorption. 94, 95 Additionally, when considering the dosage of systemic corticosteroids, there are no data to support the use of Ͼ 2 mg/kg per dose, with a maximum of 60 mg for patients Ն 20 kg. While the ideal dose has not been determined, the asthma guidelines recommend 40 -80 mg/d, in either one dose or 2 divided doses. 64 Non-pharmacologic interventions include ruling out underlying and contributing factors such as rhinovirus infection or pneumonia. An underlying illness can complicate and delay proper management of the asthma exacerbation. When ruling out secondary illnesses, it is common to take into consideration, complete blood count, respiratory syncytial virus test panel, and chest radiograph. It is also very important to find out what controller medication the patient has been using and if they are taking them properly and diligently. That information is integral when determining a discharge plan that works for that patient. After administering albuterol for 1-3 hours and systemic corticosteroids, if the patient's condition has not greatly improved or if an important underlying illness is suspected, it is recommended to admit the patient for further observation and therapy.
A recent paper by Hartman et al concluded that, while fewer children are being admitted with status asthmaticus, the proportion of patients managed in pediatric ICUs is climbing. However, there has been no substantial change in the rates of mechanical ventilation or death in these patients. Additional research is necessary to better comprehend how patients and physicians decide on the appropriate site for hospital care and how that choice affects outcome. 96 
In-Patient Asthma Treatment
In a patient who requires ICU admission, critical care monitoring and continuous administration of albuterol may be beneficial and is considered a common therapy. The use of 10 -20 mg of SABA given over the course of one hour is proven to be acceptable in relieving symptoms in a patient with status asthmaticus. 97 In the ICU the child should be observed and evaluated every 30 minutes for signs of improvement or deterioration, whereas in a non-ICU location the patient should be monitored or assessed at a predetermined interval (eg, every 2 or 3 hours). Monitoring and assessment of oxygenation status should be provided on an established schedule, because patients in severe exacerbation frequently have ventilation/perfusion mismatching and low oxygen saturation.
While bronchodilation is a critical component of inpatient and ICU asthma management, treatment of the underlying inflammatory response and to reduce or prevent hyper-reactivity must be administered concurrently. Steroids, such as prednisone (or solumedrol if intravenous), to target the underlying inflammation should be a component of the hospital treatment regimen. The routine use of ICS in a hospitalized patient has minimal value when compared to systemic corticosteroids.
If the child does not respond to continuous SABA and systemic corticosteroids, intravenous aminophylline may be considered for further bronchodilation, at a loading dosage of 6 mg/kg, followed by age-appropriate dosing (0.5-1.0 mg/kg/h). Aminophylline decreases airway inflammation during severe asthma exacerbation, but the aminophylline plasma level must be monitored because the therapeutic range is very limited, and adverse effects are likely. 98 A Cochrane analysis recommended the addition of intravenous aminophylline to ␤2 agonists and glucocorticoids (with or without anticholinergics), which im-proved lung function within 6 hours of treatment, though there was no apparent reduction in symptoms, number of nebulized treatments, or hospital stay. There is insufficient evidence to assess the impact on oxygenation, pediatric ICU admission, or mechanical ventilation. Aminophylline is associated with a substantial risk of vomiting. 99 Magnesium is another adjunct if the exacerbation fails to respond to the traditional regimen. Magnesium relaxes smooth muscle and thereby relieves asthma symptoms. A recent study by Schuh and colleagues concluded that intravenous magnesium appears to be uncommonly used in stable children with severe acute asthma and does not frequently play a role in reducing hospitalizations. Further research on magnesium is indicated, to establish its adverse-effect profile. 100 Magnesium is given intravenously, at 50 mg/kg, but the level must be strictly monitored.
Another seldom used adjunct is intravenous terbutaline, which is the current intravenous agent of choice. Intravenous terbutaline is started with a loading dose of 10 g/kg over 10 min, followed by continuous infusion at 0.1-3 g/ kg/min. The delivery can also be subcutaneous, at 0.01 mg/ kg/dose, with a maximum dose of 0.3 mg. The dose may be repeated every 15-20 min for up to 3 doses. 97 Heliox has also been successfully utilized in the management of asthma in conjunction with continuous SABA in patients with increased work of breathing, when other therapeutic options have been exhausted. 80/20 heliox may be used in conjunction with continuous SABA to relieve tachypnea and intercostal retractions. If the patient requires supplemental oxygen, additional oxygen may be blended with the heliox, but the use of greater than 35% oxygen with helium has minimal data to support efficacy in asthma. The patient should also continue receiving other relevant therapies such as fluids and intravenous corticosteroids. A Cochrane analysis found that the existing evidence does not support the use of heliox to all ED patients with acute asthma. Nevertheless, new evidence suggests certain benefits in patients with more severe obstruction. In a review, Frazier and Cheifetz summarized the possible uses of heliox in asthma exacerbation (Table 5) . 101 However, since that information is based on between-group comparisons and small studies, the conclusions are not definitive. 102 It is also crucial for the clinician to be able to identify respiratory deterioration and failure, which is uncommon but can occur.
A validated asthma scoring system should be used in assessing asthma exacerbations in children. 103 Superior to all clinical therapies, a well designed plan of care protocol for all asthma patients will ultimately produce the best results, by decreasing hospital stay, maximizing successful therapies, and minimizing costs. 104, 105 Well devised protocols cover all bases thoroughly and effectively, from initial ED presentation, through in-patient therapy, to education and discharge. The protocol should include evaluation components that can monitor, through some quality-assurance mechanism, the success and failure of the instrument, so that modifications can be made as necessary. 106 The protocol should be strictly monitored for adherence and relevance in an evidenced-based fashion at all times, for consistent and optimal results.
Education
Asthma self-management education encompasses a collaborative partnership between the clinician, the patient, and the patient's caregiver. Asthma management should promptly begin when a patient is initially diagnosed or when the newly diagnosed patient is planning to be discharged. Successful ambulatory care and management is paramount to the control of asthma. Kwong and colleagues demonstrated that achieving and maintaining asthma control in inner-city children substantially reduced asthmarelated morbidity, and systematic assessment of asthma control may help predict future risk in children with asthma. 107 Haselkorn and colleagues recently studied the association between uncontrolled asthma and activity limitations, in a nationally representative sample of patients with moderate to severe treated asthma, to assess the degree to which demographics and comorbidities are associated with activity limitations. Compared to the patients with controlled asthma, the patients with uncontrolled asthma were at higher risk for limitations in outdoor activity, physical activity, and daily activity. To help patients achieve optimal health, asthma management should include routine assessment of activity limitations and assessment of and coordinated care for comorbid conditions. 108 The scientific evidence on written asthma treatment plans is inconclusive. A Cochrane review stated there is not enough evidence to show that personalized, written asthma self-management plans, as the sole intervention, improve outcomes; however, providing clear written instructions to patients is good clinical practice. 109 A written asthma action plan is the most appropriate method to provide concise instructions on managing ambulatory asthma symptoms and exacerbations. This written plan should include relevant information regarding triggers, medications, and emergency contacts. The patient should be familiar with and able to use a peak flow meter, and to know his or her personal best peak flow. When identifying triggers it is important to consider the patient's home life and what the child may be exposed to on a daily basis. Understanding what led to the most recent exacerbation can also help pinpoint what factors could be contributing. The child should then be instructed to avoid or eliminate the trigger.
Medications should be discussed at every clinical visit, with a review of the roles of the medications in asthma management and verification of correct delivery technique. Deis and colleagues found that parents of children with persistent asthma presenting to urban tertiary-care pediatric EDs with asthma exacerbation frequently have inadequate understanding of appropriate ICS use, and those with less than a high school education, in particular, may benefit from focused educational interventions that address the importance of daily ICS use in asthma control. Parents who receive a written action plan are more confident in their ability to provide care for their child during an asthma exacerbation. 110 If seen in an acute care setting, the patient should be sent home with prescriptions for a controller medication and a rescue SABA inhaler. A VHC is also a key factor in optimizing the efficacy of MDI medications.
A study of baseline data from the School-Based Asthma Therapy trial, which is an ongoing comprehensive schoolbased intervention for urban children, documented that assisting families to develop routines around asthma care might improve preventive care for urban youth. 111 Similarly, a Cochrane analysis found that some evidence from 2 trials of family therapy (in addition to standard asthma treatments) might help reduce a child's asthma symptoms, but more research is needed to be certain. 112 In another recent trial, Cloutier and Wakefield sought to determine if a successful asthma-management program could be translated into pediatricians' offices, improve care, and reduce medical services use. 113 The data from over 10,000 children in Connecticut (about 40% on Medicaid) demonstrated that general pediatricians could successfully implement the asthma-management program and that it improved care for large numbers of children. A key ingredient in the successful management and control of asthma is future interventions that will document real-world successes that are translated to a larger portion of the population at risk.
A Cochrane analysis concluded that asthma self-management education programs for children improve several outcomes, and that self-management education directed toward prevention and management of attacks should be incorporated into routine asthma care. Conclusions about the effectiveness of the various components are limited by a lack of direct comparisons. Future trials of asthma-education programs should focus on morbidity and functional status outcomes, including quality of life, and involve direct comparisons of the various components of the interventions. 114 New strategies that promote patient adherence to therapy and that are broadly generalizable, low-cost, and sustainable are desperately needed.
A study by Edgecombe et al of adolescents with uncontrolled severe asthma, provided the following key messages. Most adolescents do not take their inhaled medication with the spacer device (an example of intentional non-adherence), and most do not take responsibility for their asthma or interact with health professionals, but instead rely on their parents to communicate with clinicians. 115 A study by Cohn and colleagues stated that a relationship seems to exist between treatment adherence and the type of medication delivery system used in childhood asthma, and that the highest adherence is associated with oral medications. Based on a literature review, Cohn et al concluded that clinicians should consider the medication delivery mode as one factor that can influence adherence. 116 Improving patient adherence to therapy is a key component of self-management, regardless of the disease etiology. Adherence to asthma medications is essential for achieving asthma control and avoiding exacerbations. Changing adherence behavior is difficult, and education alone is not enough. Successful interventions are multifactorial. Recent intervention strategies that have shown some promise include improved patient-provider communication, simplifying therapy, interventions to improve motivation, monitoring of and feedback about adherence, and shared-decision making.
Summary
While asthma management and treatment have made huge strides over the past few decades, many questions remain regarding epidemiology, pathophysiology, environmental control, disparities in care, diagnosis, assessment, monitoring, pharmacology, exacerbation management, and education, and many great mysteries have yet to be solved. The focus has shifted from exacerbation management to long-term disease management and control.
While asthma medications have become more efficient and effective, getting them to those in need and ensuring their correct use and delivery face many challenges and pitfalls. While mortality, ED visits, and hospitalizations have plateaued or declined, the prevalence and daily morbidity of pediatric asthma continue to increase across all communities and place a heavy burden on those with socioeconomic disparities.
As with any successful endeavor, key strategies and vision toward the future are paramount to moving forward. The management and treatment of asthma in children must continue to move forward, or we shall fall behind what some have termed an epidemic. With that being said, the following 3 areas are key focal points as we move forward over the next decade in our pursuit of optimal asthma management and treatment.
A Need for Standardization and Collaboration
• The development and call for scientific projects and strategies that produce well designed studies of pediatric asthma that assess cost/benefit ratio, employing evidenced-based approaches, and stressing the importance of more appropriate asthma treatment models of care
• The development of a comprehensive approach to standardize outcome measures to permit comparisons across studies and clinical trials between different investigators
Conceptualization and Development of PerformanceBased Models
• With healthcare reform focusing on prevention and wellness models, a focus on incentivized approaches between healthcare financing to quality and outcomes
• Multifaceted approaches in a disease-management model to study the effect of performance-based care on closing the gap on evidence-based clinical care
• United States healthcare reform rests in part on our ability to implement quality performance metrics for chronic conditions and the elimination of health disparities
Evidence-Based Interventions
• A multifactorial disease with increasing prevalence necessitates that asthma care be conducted on evidencedbased management principles
• Wider dissemination and implementation of evidencebased interventions that tailor care to individual risks and sensitivities, as well as to community-wide characteristics, must be investigated and deployed successfully across the continuum of care to ensure high standards of asthma care
• Further research to gain a better understanding of treatment being multi-phased and multi-faceted with variable outcomes in the ambulatory and acute care settings
• Better knowledge and dissemination of education, adherence, and behavior interventions for asthma selfmanagement
• Research into how ethnicities, sex, and age, as well as other disparities of certain groups, have effects on asthma and the response to asthma treatment (medications, perception, and environmental control, for example)
• Differences in response to treatment in different severities of asthma have yet to be explored
• Therapeutics also needs to be studied in relationship to genetic factors (ie, pharmacogenetics)
• Research that addresses asthma prevention, disease modification, and reversal of underlying mechanisms, is of particular need and importance.
Discussion
Phelan:* Has anyone researched the impact of anti-smoking legislation? Are there any economics data, from a consumption standpoint?
Myers: There was a study 1 that did not get a lot of play in the media or in the literature. I think we're seeing anti-smoking legislation becoming more and more aggressive. It started in indoor environments and now there are places looking at laws that prohibit smoking on the sidewalk or any public environment. We know it's a very prevalent exacerbation risk, even in infants born to smoking mothers: they have a higher prevalence of asthma and respiratory disorders than children born to non-smoking moms. Cheifetz: In the in-patient setting we frequently discuss the need for referral to a subspecialist prior to hospital discharge, and which patients who were admitted with status asthmaticus require referral to a subspecialist. Should the trigger be an ICU admission? Or a recurrent admission? Any admission? Recurrent ED presentation? Which child with asthma requires referral to a subspecialist?
Myers: Fuhlbrigge studied a pediatric population and showed that, no matter how well controlled your asthma is, about 25-33% of the patient population will have an exacerbation within the next year, 1 so I don't think exacerbation is the hallmark for referral to a specialist. I think a child who comes into the ED and gets hospitalized-and definitely anybody in the ICU-should be referred to a specialist. If you look at the scoring of intermittent asthma and then mild, moderate, and severe persistent asthma-I think when you get to moderate persistent, and they're using multiple controller drugs, those patients should definitely get referred to a specialist as well. There are some data on Puerto Ricans who were born in Puerto Rico versus born in the United States, and there's a huge disparity in their asthma prevalence and severity as well, which disfavors the United-States-born people. 1 There's something about the environment of industrialized nations, which have a high prevalence of asthma: the United States, Canada, the United Kingdom, and Australia. Places that we typically think of as industrialized nations probably have a lot of environmental factors that play a huge role in the development of asthma.
Rubin: There's another factor, to answer, which is the over-diagnosis of asthma, particularly in the youngest of children. It's been shown that asthma is over-diagnosed in about 30% of the population. 1 Longitudinal studies suggest that in children under age 3 as many as 60% of wheezy infants who are diagnosed with asthma may not have it at all. They don't have recurrent multi-trigger wheezing that's amenable to therapy. It may be that if you have a hammer, everything looks like a nail. Since we have treatments that work for asthma but not for many other things (other than telling parents they shouldn't smoke), we tend to use them. There are a lot of patients on too many medicines, on too much asthma care, who may not have asthma at all. Willson: I wasn't completely honest in my question. We've known for years that kids who live on farms have a much lower incidence of asthma than kids who are raised in cities. I wonder if it isn't actually exposure to parasites for the kids in Haiti that changes their immune response and leads to a much lower incidence of asthma. It may explain some of this. I'm not suggesting we expose little kids to parasites, but there may be a clue there to help us decrease the high incidence in industrialized nations. We may actually be too clean.
Myers: I agree, and there has been some research on that. In some countries that aren't as developed, the prevalence of asthma is lower, despite a heavy exposure to triggers and allergens; they're sensitized, but it doesn't trigger that immune response. There is something present from a genetic versus environment perspective in some cases that leads to sensitization and an allergen activating a chronic inflammatory response and the development of asthma.
Gentile: What can we do in daily practice to help with this problem? Is it talking to school kids? Is it educating families when they come in? What can we do to make a dent in this problem and start to make an impact?
Myers: I think first and foremost is to get resources to pediatricians and family care practitioners in ambulatory clinic areas so that the message can be parlayed into prevention and maintenance and you can have more than 5 minutes to discuss medications and treatment plans, to make sure that you're doing things the right way. The second component is really moving towards evidence-based medicine and practice in the hospital and the ED, because I think there's a lot of unnecessary care out there, because it's ordered and given, as opposed to ordered and needed. Protocols and evidence-based medicine in the ED and acute-care settings is a must. Regarding asthma educational endeavors, we need interventions that really promote adherence and patient selfassessment, access to treatment plans, and the ability to take charge of their own disease.
Walsh: Do you believe that Atrovent helps prevent hospital admissions?
Myers: I think if you looked at the evidence-based scoring in the 2007 guidelines, 1 it is grade A evidence that states that use back-to-back combinations of albuterol and ipratropium in the ED have a much better return to normal pulmonary function status and lower admission rate. Without a doubt it's good solid evidence in patients with moderate to severe exacerbations. In patients with relatively mild or quasi-moderate exacerbations it probably doesn't have as big of a benefit. In Qureshi's paper 2 in the New England Journal of Medicine, it was the patient with severe air-flow obstruction and severe exacerbation that responded best. That's been duplicated. On the flip-side, there is also highlevel evidence that continuing on after the severe exacerbation and decrease in pulmonary function in the in-patient setting is of no benefit in a hospitalized patient outside of the ICU.
risk for aminophylline in most aspects of critical care medicine. If you're in a controlled setting with the ability to monitor, you can minimize the risks. Most of the risks and detriments about aminophylline are in the ambulatory out-patient setting, because of dosing regimen and having to bring the patient back and do serial monitoring, which doesn't apply in the ICU.
Rubin: Regarding your comment on aerosol delivery for asthma: we have used only MDI with VHC for the last 15 years, including in the ICU, and it has not been an issue at all. Many places have switched to MDI, and it certainly makes it easier to teach, easier to evaluate, easier to assess, and there are fewer systemic adverse effects because of system absorption.
Willson: Would you comment on magnesium?
Myers:
The meta-analysis by Rowe and Camargo 1 looked at magnesium in the ED and ICU setting, in patients with moderate to severe exacerbation, and magnesium definitely had a benefit and quicker resolution of the exacerbation. In patients with mild to slightly moderate exacerbations there was little to no benefit, in pediatric or adult patients. There's still not a lot of research. A paper by Schuh was just published, 2 but I haven't read it yet. Magnesium is another tool in the toolbox for patients who aren't responding to ␤ agonists and systemic corticosteroids. When you get to that point, you want to pull out everything you have in the toolbox to try to avoid intubating, because it becomes a mess when you have to intubate down into an obstructed asthmatic airway.
